Although lightning has been seen on other planets, including Jupiter, polar lightning has been known only on Earth. Optical observations from the New Horizons spacecraft have identified lightning at high latitudes above Jupiter up to 80°N and 74°S. Lightning rates and optical powers were similar at each pole, and the mean optical flux is comparable to that at nonpolar latitudes, which is consistent with the notion that internal heat is the main driver of convection. Both near-infrared and ground-based 5-micrometer thermal imagery reveal that cloud cover has thinned substantially since the 2000 Cassini flyby, particularly in the turbulent wake of the Great Red Spot and in the southern half of the equatorial region, demonstrating that vertical dynamical processes are time-varying on seasonal scales at mid-and low latitudes on Jupiter.
A lthough lightning has been well documented on the gas giants Jupiter and Saturn at middle and low latitudes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , it has never been observed in the polar regions. Here we report images of jovian lightning in both hemispheres poleward of 60°latitude obtained with the broadband (0.35-to 0.85-mm bandpass) New Horizons LORRI (Long Range Reconnaissance Imager) camera (14) . On 3 March 2007, 16 observations were made of the planet's nightside, eight each of the north and south polar regions, consisting of 40 s of total exposure time for each pole. Thirteen lightning strike events were observed poleward of 60°(planetographic) latitude: six in the north polar region and seven in the south polar region ( Table 1) . The most poleward strikes were at 80°N and 74°S; three separate flashes observed were within 0.5°of 80°N.
Five other lightning strikes were seen near 52°N in 15 s of total exposure time during the three most equatorward observations, which covered latitudes southward to 45°N. Earlier spacecraft (1-7) had found that the most active lightning region was at latitudes near 50°N. Multiple strikes were seen during a 10-s period within a localized region covering less than 0.7°of longitude in a field of view greater than 35°of longitude. Here, one flash event in a 5-s exposure was followed immediately by at least three spatially separated events in the next 5-s interval (Fig. 1, top row) . This corresponds to an average flash rate of 0.4/s (or greater) over 10 s and 0.6/s (or greater) over the single high-activity observation. These rates are greater than the 0.2/s rate previously observed during 60-s scanning exposures by Galileo (6, 8) .
Polar lightning flashes integrated over our 5-s exposure times are comparable in brightness to aurorae or the Io Flux Tube in the north polar region ( Fig. 1) (15) . Lightning flashes extend spatially over many pixels in our images (representative lightning flashes are seen in the lower row of images in Fig. 1) ; each pixel subtends about 28 km at the subspacecraft point on Jupiter (corresponding to 56 km latitudinally at 60°N latitude on the central meridian). This extent indicates that lightning emissions propogated through overlying scattering aerosols or that multiple flashes extended over a large area (typically >10,000 km 2 ) during the exposure. The average optical energies per strike in the north and south polar regions were nearly identical, 2.90 × 10 9 and 2.87 × 10 9 J for the north and south polar regions, respectively (Table 1) (16), despite the large (factor of 5) variability of lightning strength. These values agree well with the mean optical energy of strikes found in nonpolar storms: 2.5 ± 1.9 × 10 9 J (3). The largest bolts observed were 9.3 × 10 9 J in the north and 15.7 × 10 9 J in the south, which is also in agreement with the largest flashes observed in nonpolar storms by Galileo (6) . These largest bolts, located near 66°latitude in both hemispheres, were four to five times the mean size and >18 times the smallest strike energies observed in the respective polar regions.
The half-width half-maximum (HWHM) of a lightning flash (the distance over which the lightning radiance falls to half of its peak value) is a measure of the depth of the flash. The New Horizons values (a mean of 92 km) are comparable to those seen in previous investigations (6, 8, 17) in which flash depths were near the 5-to 8-bar level of water condensation (18) . Thus, the source of the lightning in our observations was probably also within the deep water-rich regions of Jupiter.
Previous observations found lightning predominantly near 14°N and 50°N (planetographic) and less often at 33°N and 60°N. These appear to mark the southern edges of westwardmoving jets (2, 4, 6) and are regions with notable cyclonic shear. Similarly, the three lightning strikes we saw at the highest latitudes (69°to 71°N, planetographic) coincided with the southern edge of the most northerly westward jet near 72°N discovered by Cassini (19) .
These locations are characterized by vigorous upper-level convective clouds and potentially large instabilities (6, 20, 21) . Lightning generally appears near the 5-to 6-bar level (6, 8, 17) , where upwelling water can condense, triggering strong convection and thunderstorms (2, 5, 6) . Vertical transport may be aided by three-dimensional planetary waves, such as have been observed near the equator (22, 23) , and by colliding air masses as in the turbulent region to the northwest of the Great Red Spot. Both mechanisms have been observed to produce rapid formation of optically thick ammonia condensation clouds (23) and in the latter case, lightning at depth (24) .
In the southern polar region, only half of the lightning strikes occurred in the cyclonic shear or maximum westward-moving jet regions. In particular, the strikes at 60.2°S and 66°S were on the anticyclonic sides of the two most southerly eastward jets observed by Cassini (19) . The most polar strikes near 80°N and 74°S were located in regions of weak winds (<10 m/s) and thus also may not be consistent with the westward wind paradigm. The remaining strikes at 68.4°S, 68.9°S, and 71.2°S are consistent with it.
The distribution and power of jovian lightning are different from those on Earth (5, 6). Rather than being concentrated within tens of degrees of the equator, on Jupiter lightning is most optically active near 50°N as observed by every investigating spacecraft (1-7), now including New Horizons. The distribution of Jovian lightning to high latitudes is probably a consequence of the relative strength of internal heat as compared to solar heating over latitude (2, 5): As one proceeds poleward, solar heating of the atmosphere decreases, allowing the internal heat of Jupiter to power strong vertical dynamics near the 5-bar condensation level of water (25, 26) .
Before the New Horizons observations, more and stronger flashes were seen in the northern hemisphere than in the southern at nonpolar latitudes (5, 6). Voyager 2 saw no southern lightning, despite an intense observational campaign (5) . Such hemispherical differences may be a consequence of slight differences in solar insolation or atmospheric stability. In contrast, New Horizons observed nearly identical rates of lightning strikes in the polar regions (0.15 strikes/s in the north versus 0.18 strikes/s in the south). In each case, about one-fifth of the polar region was viewed at any one time. The mean optical flash energies of the individual northern and southern lightning strikes agree to within 2%. If these average values are representative of all longitudes, the average lightning power per area was about 0.6 × 10 power in the south and north polar regions agree to within 20%. This similarity suggests that mechanisms that lead to large mid-latitude differences in lightning activity are not important in the polar regions. This view is supported by the Galileo observation (6) that, averaged over 5°l atitude bins, the greatest number of storms per unit area is observed in the southern hemisphere near 55°latitude (planetographic), but for the broader 45°to 60°latitude region, the northern and southern hemisphere values are comparable. Together, the New Horizons and Galileo highlatitude observations give additional support to the notion that internal heat drives convection and dynamics more effectively in sunlit-poor polar and high-latitude regions than in sunlit-rich equatorial latitudes.
Additional insight into the nature of convection and vertical dynamics on Jupiter is provided by New Horizons global images. These show that vertical dynamics is variable on decadal scales at low and middle latitudes when compared to similar imagery obtained in September 1996 by the Galileo Orbiter and in December 2000 by Cassini-Huygens. The Linear Etalon Infrared Spectral Imager (LEISA) (27) on New Horizons obtained a high-spatial-resolution nearinfrared global-scale map of Jupiter, timed to provide nearly the same observational and lighting geometry of the Great Red Spot as in the best Galileo near-infrared and Cassini visual imagery (Fig. 2) (28) .
Distinct differences in cloud cover are seen when directly comparing 1.6-mm images obtained by the Near-Infrared Mapping Spectrometer (NIMS) on Galileo in 1996 (23) and the 2007 New Horizons images. This pseudo-continuum wavelength accentuates views of tropospheric clouds found near the 0.5-to 2-bar level. In the 2007 image, these clouds are notably scarcer than in the 1996 image in both the south equatorial region and in the "turbulent wake" region northwest of the Great Red Spot. In 5-mm thermal imagery, the 2007 ground-based images show increased flux, similarly due to the thinning of tropospheric clouds, which allows Jupiter's 5-mm thermal emissions, generated at depth near the 8-bar level, to readily escape out of the atmosphere.
Similar differences in cloud cover are seen between the 2000 Cassini images and the 2007 New Horizons images. The equatorial region is uniformally cloudy in the 2000 Cassini three-color image, whereas the three-color Cassini image shows few clouds in the southern half of this region. Again, the turbulent wake region to the northwest and west of the Great Red Spot is remarkably quiescent in the 2007 image, in stark contrast to the turbulent region of swirling clouds seen in the 2000 image by Cassini and observed consistently for more than 20 years by Voyager, Galileo, and Cassini-Huygens (1, 19, 23, 29) . This region has been observed to produce the largest spectroscopically identifiable ammonia clouds on Jupiter (23), indicative of powerful vertical transport delivering relatively large quantities of ammonia gas to the upper atmosphere. There, large-particle thick clouds are produced on a time scale of a day or less. Yet the 2007 LEISA images show this area almost clear of clouds. Spectroscopic searches for ammonia in this region, such as were successfully conducted with the Galileo NIMS instrument (23) , show no spectroscopic evidence of ammonia clouds, although such clouds were seen in other regions by LEISA (30). The latitudinal region to the west was also clear of thick convective clouds, out to the western limb.
The 5-mm ground-based observations of Jupiter, taken contemporaneously with the Cassini and New Horizons images (Fig. 2, bottom  row) , confirm the changes in cloud cover. In contrast, the 17.9-mm images of Jupiter, which are indicative of temperatures near the 200-mbar level just below the tropopause, shows few changes between 2000 and 2007.
Thus, the changes seen in 2007 are indicative of changes restricted to tropospheric depths underneath the 200-mbar level. The observed regional changes in mid-and low-latitude cloud properties suggest changes in vertical dynamics and transport, including convection, between~400 mbar and perhaps several bars. The cause of such changes in vertical dynamics is unclear, but they may be due to variations in atmospheric stability at depth, perhaps due to variations in water content and/or the emission of internal heat. Because the primary driver of Jupiter's global circulation at depth is Jupiter's own internal heat, we suspect that the atypically quiescent view of Jupiter observed by New Horizons and ground-based observations in early 2007 will be relatively short-lived as the planet reverts to its typically dynamic state. is 28 km/pixel on the sky, corresponding to 50 km in latitude at 60°N. 16. Lightning strikes could be distinguished from cosmic ray hits and auroral features by their distinctive shapes. Because of slight spacecraft nodding motions, constant-brightness point sources such as stars produce curlicue features in our 5-s exposures, unlike our short-lived lightning strikes. Lightning flashes produce a bright central flash surrounded by a halo of light due to diffuse scattering by the overlying atmosphere. Lightning energies were calculated using the spectral irradiance of jovian lightning determined by Borucki et al. (31) . The latitudes and longitudes of lightning flashes are determined by a limb/terminator fitting program that generates the planetary ellipse based on the range, camera focal length, and pixel scale. With sufficient contrast between the sky and the planet, the ellipse center is located with an iterative least-squares fit, typically with a precision of 0.1 pixel or better. For low-contrast images, the ellipse is placed manually with an uncertainty of a few pixels. 
